Abstract -Euglossini bees are able to fly long distances, which could help to maintain gene flow among widely separated populations. In order to investigate if different environmental conditions affect morphological variation in Euglossa annectans and Euglossa truncata , we analyzed the patterns of venation of the forewings of 310 individuals, sampled in the same six locations for the two species. Populations from the two species clustered in a similar way, following the phytophysiognomy of the sampling sites. These populations also presented little or no population structure. Based on our results, we suggest that the forest fragmentation is not a problem for these species. The tendency of samples to group based on site phytophysiognomy can be explained by phenotypic plasticity or local adaptations.
INTRODUCTION
Among the 20,000 bee species worldwide (Michener 2000) , the Euglossini are especially relevant due to their representability in the Neotropical region, where they compose up to 25% of the total bee community in some areas (Roubik and Hanson 2004) . They are exclusive pollinators of almost 700 species of Neotropical Orchidaceae (Ramírez et al. 2002; Oliveira and Nemésio 2003; Roubik and Hanson 2004; Oliveira 2006 ) and many other plant species, including Araceae (Williams and Dressler 1976) , Euphorbiaceae (Armbruster and Webster 1979) , Haemodoraceae (Buchmann 1981) , Apocynaceae, Loganiaceae, and Malvaceae (Ackerman 1983) , Solanaceae (Soares et al. 1989) , Pentaphylacaceae (Melo 1995) , Lecythidaceae (Knudsen and Mod 1996) , Clusiaceae (Nogueira et al. 1998) , Bromeliaceae (Siqueira-Filho and Machado 2008), Annonaceae (Teichert et al. 2009 ), and Plantaginaceae (Cappellari et al. 2009 ). These bees are restricted to the Neotropical region, and their geographic distribution ranges between 29°N and 32°S parallels. Euglossini males are known for their great flight capacity; some reports mention that males can fly more than 20 Km per day in a search for nectar and floral fragrances, in a non-fragmented environment (Janzen 1971; Kroodsma 1975; Ackerman et al. 1982 and Eltz et al. 2003) . They fly long distances searching for aromatic compounds from multiple floral and non-floral sources, subsequently used during courtship display (Dressler 1982; Eltz et al. 2005) . However, in spite of the great flight range of the males, forest fragmentation could be a barrier for these bees (Tonhasca et al. 2003; Brosi 2009 ), making them particularly susceptible to deforestation (Roubik and Hanson 2004; Cerântola et al. 2011) . According to Zayed (2009) , habitat fragmentation is a direct result of habitat loss and could affect the survival of populations through genetic isolation and subsequent inbreeding.
Due to the importance of Euglossini bees as pollinators and the concerns about the impacts of forest fragmentation, we examined morphological variability variation in two species, collected from forest fragments in Southeast Brazil. We employed geometric morphometrics analysis of wings, an effective methodology for the discrimination of cryptic species (Francisco et al. 2008 , HurtadoBurillo et al. 2016 , geographic ecotypes (Francoy et al. 2011 , Bonatti et al. 2014 and for the identification of species (Francoy et al. 2009 (Francoy et al. , 2012 and subspecies (Oleksa and Tofilski 2014; Silva et al. 2015) . Though wing shape is relatively conserved among individuals of same species, this technique has shown to be a sensitive tool for very fine differentiation among groups, (Debat et al. 2003; De Souza et al. 2015) . This work also aims to provide information that could assist in the development of conservation strategies for the Euglossini.
MATERIALS AND METHODS
Euglossini males (126 Euglossa annectans and 184 Euglossa truncata ) were collected from six different forest fragments in São Paulo state, Brazil, according to the methodology proposed by Rebêlo and Garófalo (1997) and identified in the laboratory (Figure 1 ; Table I For the morphometric analyses, the right forewings were carefully cut from the bodies of the bees using an entomological scissors and placed on microscope slides and sealed with a cover slip. We photographed the 310 forewings using a digital camera attached to a stereoscopic microscope, and the images were stored as digital files. Eighteen homologous landmarks were plotted on each wing, consisting of one landmark per vein intersection ( Figure 2 ) using tpsDig2 version 2.12 (Rohlf 2008) . The Cartesian coordinates of each landmark were recorded and used as input data into MorphoJ 1.05f (Klingenberg 2011) to perform the morphometric analysis. The images were Procrustes aligned and the data were analyzed using canonical variate analysis (CVA) and discriminant function analysis (DFA). All software used in this work is freely available on the following internet websites: http://life.bio.sunysb. edu/morph/ and http://www.flywings.org. uk/morphoj_page.htm.
We also used MorphoJ (Klingenberg 2011 ) to calculate the Procrustes distances among the groups and to perform the cross-validation test on the discriminant analysis; bees were grouped according to their sampling locations. The Mahalanobis square distance and Procrustes distances between mean shapes of the groups were extracted and used in the construction of dendrograms of morphological proximity (based on neighbor-joining distances) using MEGA 5.0 (Tamura et al. 2011 ). We ran a Mantel test using TFPGA software (Miller 1997) on the Mahalanobis square distances between the centroids of the groups and the geographic distances between the sites (measured by Google Earth 7.1.5.1557/2015). We also employed the Mantel test on the Procrustes distances and the geographic distances between sites.
RESULTS

Euglossa annectans
Based on geometric morphometric analysis of the Eg. annectans samples, canonical variation analysis explained 60.04% of the variance on the first two axes (CVA1 explained 34.25% and CVA2 explained 25.78%) (Supp. Figure S1 ). The plot of the individuals on the first two CVA axes showed some degree of superposition of the individuals of all samples, with a tendency to separate them. Based on the first CVA axes, we find two groups, where one group is placed in the right-hand quadrant, with EEC, MV, and APASJ, and the other group in the left-hand quadrant with PFBJ, EEJ, and EERP.
The CVA indicated that all groups formed clusters significantly different from each other (P < 0.05), except for MV and APASJ (P = 0.06). 
Wings morphometrics of Euglossini species
The Mahalanobis distance varied from 2.41 (between APASJ x EEC) to 3.93 (between EERP x PFBJ) and the Procrustes distances varied from 0.009 (between APASJ x EERP and APASJ x MV) to 0.016 (between EERP x PFBJ) ( Table II) . The two dendrograms of morphological proximity presented a similar topology (Figure 3) , indicating similar relationships between populations. MV and APASJ are placed together in one branch, close to the populations of EEC and EERP. More distant to these branches, the populations of EEJ and PFBJ are placed in another branch. The only difference between the two dendograms is EEC placed together with EERP on the dendogram based on the Procrustes distances, while they are separated in the other dendogram.
The mean classification of discriminant analysis and cross-validation test were 93.4 and 58.3%, respectively (Table III) . The Mantel test correlating the geographic distances between fragments and the Mahalanobis square distance and Procrustes distance between groups presented non-significant results (r = − .0706; P = 0.57 and r = .0688; P = 0.55, respectively).
Euglossa truncata
The first two axes of the canonical variation analysis explained 70.64% of the variance (CVA1 explained 43.22% and CVA2 explained 27.42%) (Supp. Figure S2 ). The CVA indicated that all groups formed clusters significantly different from each other (P < 0.05), except for the groups from EERP and PFBJ (P = 0.06). The scatterplot shows a clear tendency of separation of all samples, except for EEC and EERP.
The Mahalanobis distance varied from 1.78 (between APASJ x EEC) to 4.91 (between EERP x PFBJ) and the Procrustes distances among them varied from 0.008 (between EEC x EEJ and EEJ x PFBJ) to 0.024 (between EERP x MV) ( Table IV) .
The dendrogram of morphological proximity, built based on the Mahalanobis square distances between the centroids of the groups (Figure 4a ), placed the bees grouped on the top, on the right The mean classification of discriminant analysis and cross-validation test were 98 and 72%, respectively (Table V) . The Mantel test correlating the geographic distances between fragments and the Mahalanobis square distance and Procrustes distance between groups presented nonsignificant results (r = 0.1976; P = 0.23 and r = .2638 Pl = 0.72) between the groups.
We also performed a CVA analysis with all samples from both species together ( Figure 5) , and based on Mahalanobis and Procrustes distances, we built a dendrogram of morphological similarity. The two dendrograms showed the same pattern of site grouping for the two species, and complete separation between them.
DISCUSSION
Many publications have shown the power of geometric morphometric (GM) technique for recognition of cryptic species (Francisco et al. 2008) and geographic ecotypes (Francoy et al. 2011; Bonatti et al. 2014) as well as for identification of species (Francoy et al. 2009 (Francoy et al. , 2012 and subspecies (Oleksa and Tofilski 2014; Silva et al. 2015) (2005), in a study of males of 16 Euglossini species at various sites that ranged from the middle of an Atlantic forest fragment to 500 m away in a sugar cane plantation, observed that only two species (Eulaema nigrita and Euglossa cordata ) came out of the forest and flew over the monoculture region. Another research done in the Amazon forest observed that the conversion of some forest areas into pasture has also created a barrier limiting the dispersion of Euglossini males (Powell and Powell 1987) . However, studies using various types of markers, including mitochondrial DNA, microsatellites, and allozymes have shown that Euglossini bees are usually capable of flying long distances, exhibiting high genetic diversity and low population structure (Souza et al. 2010; Cerântola et al. 2011 and Zimmermann et al. 2011; Suni and Brosi 2012) . Souza et al. (2010) , in a study of diploid Euglossini males of in a Neotropical region, observed high gene flow and a large effective population size in a population of Euglossa cordata , since they found high genetic diversity, a low degree of population structure, and very few diploid males. In another study, RochaFilho et al. (2013) assessed gene variation and genetic differentiation among populations of four abundant Euglossini species sampled in two areas, Picinguaba (mainland) and Anchieta Island, Ubatuba, SP, southeastern Brazil. They found no significant genetic differentiation between the island and mainland samples of Euglossa cordata, Eulaema cingulata , and Eulaema nigrita ; though significant gene differentiation between the samples of Euglossa stelfeldi was detected. These results indicated that the distance between the island and the mainland did not constitute a geographic barrier for these Euglossini bees. The absence of populational structuring of three of the four species corroborated previous reports on these bees, characterized by large populations, with high gene diversity and gene flow and very low frequencies of diploid males. Suni and Brosi (2012) showed that the mobility of Euglossini bees differs greatly among species in fragmented habitats and that some of these bees have high levels of gene flow compared to other bee groups. One similar point indicated in all the studies cited above is the fact that the number of migrating individuals is large enough to maintain gene flow between populations (Suni and Brosi 2012; Rocha-Filho et al. 2013 ). However, even larger species, with a high dispersal capacity, do not migrate in large numbers (Milet-Pinheiro and Schlindwein 2005). These two facts taken together can help explain the similarities and the differences found among populations. Although we worked with morphological data, our results for the two species demonstrated some degree of similarity between the groups, despite the long distances between the collection sites (from 40.12 to 342.15 Km) and the urban areas and large monocultures around them (which could work as barriers). The capacity to fly long distances (Janzen 1971; Kroodsma 1975; Ackerman et al. 1982) , which is one of the best known characteristics of Euglossini bees, could explain the absence of population structure and the similarity of these bee populations. This characteristic can contribute to the maintenance of gene flow, although studies using marking and recapture techniques (Pokorny et al. 2015) or radio telemetry (Wikelski et al. 2010) indicate that the flight range of different species may vary considerably, and we do not have yet these data for the two species used here. In both species, the grouping can be explained based on phytophysiognomy variation. For Eg. annectans , the populations from EEC and MV that come from the same phytophysiognomy (seasonal semi-deciduous forest) are together in a group and PFBJ, EEJ, and EERP, which came from seasonal semi-deciduous forest with As for Eg. truncata, the scatterplot built by CVA analysis showed a tendency of sample separation (based on axis 2), where the bees from APASJ were alone and all the other bees were partially superimposed. This aggrupation can be explained based on the same feature used to explain the Eg. annectans data. APASJ is the only site that belongs to montane dense ombrophilous forest, which grouped farther away than all the others, which share seasonal semi-deciduous forest phytophysiognomy. The dendrogram showed an aggrupation that had the same pattern observed in Eg. annectans , except for MV, which grouped with EEJ in the dendrogram built by Mahalanobis distance, and with PFBJ in the dendrogram built based on Procrustes distance. In both cases, the s a m p l i n g l o c a t i o n s s h a r e t h e s a m e phytophysiognomy (seasonal semi-deciduous forest). Discriminant analysis and the crossvalidation test showed a high rate of correct classifications in sample identification, similar to the large differences observed in the Mahalanobis and Procrustes distances between groups, compared to the Eg. annectans results.
When we analyzed the dendrograms of morphological similarity, built based on the Mahalanobis and Procrustes distances for all samples of the two species, we also found the same aggrupation pattern, and it followed the phytophysiognomy variation observed in the individual analysis. This aggrupation demonstrated an interesting pattern of environmental traceability, as also reported by Mendes et al. (2007 ) Francisco et al. (2008 , Bischoff et al. (2009), and Francoy et al. (2011) for another bee species, who also used geometric morphometrics analysis of wings. A hypothesis to explain the grouping based on phytophysiognomy variation pattern is phenotypic plasticity, which is the capacity of a single genotype to express a range of phenotypes in response to environmental variation (Fordyce 2006) . Phenotypic plasticity is common in insects and it is often highly adaptive (Whitman and Agrawal 2009) .
Based on our data, forest fragmentation may not pose a problem for Eg. annectans and Eg. truncata based on an absence of population structure and similarity among the samples from the different sites. The tendency of samples to group by phytophysiognomy could be explained by phenotypic plasticity; according to Via et al. (1995) , when environments within the range of a species differ, it may be unlikely that any single phenotype will confer high fitness in all situations. In this case, a change in a phenotype influenced by environment can result in increased environmental tolerance. Phenotypic plasticity could explain adaptation to heterogeneous environments. 
